An efficient soil compaction is necessary for a large number of construction projects. Therefore the optimization and improvement of heavy equipment working fast and uniformly from the surface is an important research and development field all over the world. A group of civil and mechanical engineers of the Leipzig University of Applied Sciences supported by national and international partners is working on this topic since September 2012. With innovative scaled tests using optical high-speed methods, numerical simulations in ABAQUS and field tests with real equipment, the group created conditions for proofing and linking the approaches of optimization and new development of innovative heavy equipment for soil compaction.
Motivation
Soil improvement with reduced requirement of additional material and constructions is getting more and more important in times of increasing scarcity of resources. Recent systems may be distinguished relating to the way of excitation (periodical or transient), to the location of impact (surface or in the depth) such as to the achievable depth of influence [1] . Worldwide a large number of soil compaction systems was developed in recent decades. In particular, through the invention of dynamic excitation for compactors and comparable systems with self-regulating exciters new fields of application for high-quality compaction have been tapped. Effective depths are still often very limited (see Fig. 1 ).
With a better understanding of compacting mechanisms, possibilities of improving equipment systems and advantages in the execution of construction work with regard to energy consumption, depth of influence, evenness and quality of compaction such as efficient working methods can be derived. Since 2012 a group of civil and mechanical engineers of the HTWK Leipzig in Germany supported by national and international academic and industry partners is working on this topic in the project ECOmpact financed by the German Federal Ministry of Education and Research. A main focus concentrates on better understanding of systems like Dynamic Intensive Compacting, Rapid Impact Compacting, BOMAG rollers with a polygon shape of the drum and Impact Roller [2] . 
Methods and Tools
Numerical modeling techniques and simulations are absolutely necessary for essential research and development regarding heavy compaction equipment. Modeling of compactors with high energy inputs of individual pulses and high frequency effects of dynamically excited systems provides a particular challenge to material laws, element deformations and solution algorithms. In ABAQUS application limits of the Finite Element Method can be extended for calculating large deformations by approaches like Coupled Eulerian Lagrange (CEL) or Arbitrary Lagrangian Eulerian (ALE). For our simulations the elastoplastic constitutive soil law according to the modified Drucker-Prager Cap Model was used. In consideration of constraints extensive pre studies and sensitivity studies were conducted during model development, having regard to mesh fineness, damping and contact description. The numerical models have been verified and validated in extensive studies with data from centrifuge tests as well as with measured data from real tests of the systems Dynamic Intensive Compacting, Rapid Impact Compacting, Impact Roller and dynamically excited rollers (see Fig. 2 ).
To evaluate the selected model approaches and results, measurements on heavy equipment in real scale are required (see Fig. 3 ). To evaluate the depth of influence of heavy equipment cone penetration tests, layer by layer excavation and laboratory and field testing are carried out. High resolution methods with usage of accelerometers can allow accurate measurements during compaction and evaluating the behavior of both soil and of device. In ECOmpact this was successfully realized on the heavy polygon roller (BOMAG BW 332 DI) and on the Rapid Impact Compactor (TERRA-MIX). Additionally investigations have been carried out using precise soil mechanic measurements with the TROXLER probe model 3440 (isotope probe) and the PANDA probe (lightweight dynamic penetrometer supplemented with variable driving energy). In addition, for the precise validation of the numerical models approaches for small scaled testing were examined, evaluated and further developed. As an alternative to experimental setups with disturbing measuring sensors in the ground (e.g. accelerometers, pressure sensors), non-contact measuring methods such as PIV method (Particle Image Velocimetry) can provide accurate results. The PIV method is particularly used in fluid mechanics and in long-term studies, but can also be used to assess the displacement field of dynamic soil compaction by a pairwise comparison of discrete image areas [3, 4] . Our test station offers by using a 2 m wide sample holder and a high speed camera (1,000 fps at a resolution of 1,280×1,024), extensive possibilities and very good correlations for highly dynamic measurements on stationary and moving small scaled compactor models (see Fig. 4 ). 
Variation of Geometry for Dynamic Compaction and Rapid Impact Compactor
A large focus laid on the investigating and better understanding of Dynamic Intensive Compacting and Rapid Impact Compacting. In a progressive development sensitivity studies of mesh fineness, material damping, contact conditions, model properties and soil properties were carried out. Both systems work punctually and transient. Therefore a 2D axisymmetric model was developed with finite elements in close range and infinite elements in the far field. In order to map compaction and hardening processes in the soil, the modified Drucker-Prager model enhanced with by a hydrostatic cap has been implemented. Within the simulation the implicit solver was used among others to calculate the initial geostatic stress state. For dynamic calculations the explicit solver was much more suitable. Essential steps and characteristics of the developed model are summarized below (s. Table 1 and  Table 2 ):
Using the ALE method allows to gain control of large element distortions, which can occur at high energy inputs or very loosely deposited soils with high void ratio. The application of this method foresees that the mesh of the soil body is continuously remapped to ensure the most possible effective form factor of the elements. As a result, the number of finite elements changes and therefore a new adaptation of the mesh refinement is necessary. Here it makes sense to conduct a further comparison simulation. In Fig. 5 the results of the effective depths are compared with and without the involvement of the ALE method.
During simulating the Rapid Impact Compaction the overall model was made up of the 3 components soil, compacting foot and falling weight (see Fig. 6 ). Both compaction foot and drop weight are modeled as meshed rigid body systems. Within impact studies the depth of influence was displayed on the result value PEQC2 (plastic deformations, limit 0.02). A change of geometry of the compacting foot has no significant impact on the compaction effect (see Fig. 7(c) ). For the Dynamic Impact Compaction (falling weight) the numerical simulations have been conducted for three selected geometry forms T01 to T03. In this case five consecutive impact processes were simulated. In all cases, a meshed form of the drop weight has been selected. This is preferable because of a more efficient illustration of the contact area compared to a purely analytical rigid body solution. Fig. 7 shows the simulation results of geometry forms T01 to T03 with and without the inclusion of the ALE method considering a meshed rigid body. The results of the ALE method clearly show that element distortion can be avoided. Thus an optimal energy input into the soil body is guaranteed. At low energy inputs, however, only minor element distortion occur. Therefore, the application of the ALE method was carried out only at impact processes with high energy inputs or in soils with high void ratio and low stiffness. Compared to form T01, the forms T02 and T03 achieved a greater compacting effect. Slightly differences in terms of the compaction depth were available with and without applying the ALE method between the results, due to significant distortion of elements in the contact area (see Fig. 7(a) and 7(b) ).
The current investigation focusses on systems like Dynamic Impact Compaction and Rapid Impact Compaction. A small scaled dynamically excited system is being developed. 
Summary and Outlook
Within the project ECOmpact three main fields of research to the scientific study of dynamic soil compaction have been developed and improved in an interactive process by using of synergy potentials for proofing and validation. (1) ABAQUS with implicit and explicit solver was used during the whole project for design and dynamic simulations of high-quality compactors. For high energy inputs and large deformations numerical couplings such as the ALE method were used with the implementation of material laws which are appropriate for compaction. (2) In tests with real devices, such as the 32 ton Polygon Roller (BW 332 DEEP IMPACT) and the Rapid Impact Compactor, next to soil mechanics also device measurements were utilized and adapted. (3) Non-contact measurements with the PIV method have been adapted and developed for high-speed measurements of soil compaction and of interactions between the small scaled compactor models and the ground. Thus, it was possible to lay the foundations for proofing and linking approaches of optimization, further development and new development of innovative heavy compaction equipment.
Focuses of further activities are on a continuation and specialization of the developed interactive methods and the addition of a larger test station for the investigation of hand-leaded compactors and falling weights up to 200 kg by using the PIV method. The measurements on the real equipment will be intensified and extended by tests on a 7 ton single drum roller.
